ABSTRACT Splice sites of vertebrate introns are generally not recognized in plant cells. Several lines of evidences have led to the proposal that the mechanism of 3' splice site selection differs in plants and animals (K. Wiebauer, J.J. Herrero, and W. Filipowicz, Mol. Cell. Biol. 8:2042Biol. 8: -2051Biol. 8: , 1988). To gain a better insight into the mechanistic differences between plant and animal splicing, we constructed chimeric introns consisting partly of dicotyledonous plant and partly of animal intron sequences. Splicing of these chimeric introns was analyzed in transiently transfected tobacco protoplasts. The results show that there are no principal sequence or structural differences between the 3' splice regions of plants and animals. Furthermore, evidence is provided that cooperation between 5' and 3' splice sites takes place and influences their mutual selection.
INTRODUCTION
The basic mechanism of nuclear pre-mRNA splicing has been elucidated in vertebrates and yeast. In both systems two subsequent transesterification steps lead to the excision of intervening sequences (IVS) as branched lariats and the ligation of neighbouring exons. Consensus sequences at the intron borders (5' and 3' splice sites) and within the intron (branch point sequence and polypyrimidine stretch) have been identified as important recognition signals for splicing (for review see: 1 -4) . Splicing is facilitated by a number of nuclear factors that assemble together with the pre-mRNA in a large ribonucleoprotein complex, the spliceosome (for review see: [1] [2] [3] ). An important part of these spliceosomal factors are the small nuclear ribonucleoprotein particles (snRNP) U 1, U2, U4/U6 and U5 which play a vital role in the recognition of splicing signals on pre-mRNA (for review see: 5).
Much less is known about the plant splicing system. The consensus sequences of 5' and 3' splice sites are nearly identical to the corresponding vertebrate consensus sequences (6, 7) and U-RNAs have also been identified in plants (8) (9) (10) (11) . Structural features important for snRNP assembly (anti Sm binding site) or pre-mRNA splicing (e.g sequence complementarity of Ul RNA to the 5' splice region) are conserved in plant U-RNAs (for review see: 12, 13) . On the other hand, mutational analysis of a synthetic plant intron did not reveal any requirement for a particular sequence which makes the presence of even a degenerated branch point sequence unlikely. In addition, there is no requirement for a polypyrimidine stretch anywhere in the intron (14) . A remarkable feature of plant introns is their elevated AU-level compared to the surrounding exons (dicotyledonous plants: 73 % versus 55 %, monocotyledonous plants: 56% versus 44%, see 15) . So far the lowest AU-level found in a natural dicotyledonous intron is 60,5% (14) . Furthermore, differences in the processing efficiencies of pre-mRNAs in monocotyledonous and dicotyledonous plants have been observed (16) (17) (18) (19) .
In spite of identical 5' and 3' splice site consensus sequences and similar structures of snRNA's a clear difference in the requirements for splicing in plant and animal in vivo systems was observed: Introns in pre-mRNA from the human growth hormone and the human oa-globin genes cannot be recognized by the plant splicing machinery (20, 21) . Furthermore, in dicot systems human f-globin IVS2 is processed with low efficiency and uses a cryptic 3' splice site in context with the authentic 5' splice site (15) . Only the SV 40 small t intron, an unusually small AU-rich animal viral intron, has recently been processed successfully in dicot plants (22) . Similar experiments carried out with plant premRNAs in HeLa in vivo systems also showed the selection of cryptic 3' splice sites together with authentic 5' splice sites (in the case of soybean leghemoglobin IVS1 and IVS3), but correct and efficient processing of plant introns took place as well (21) . Several plant introns have been faithfully and efficiently processed in HeLa in vitro systems (7, 23) . These results indicated, that the mechanism of 3' splice site selection is different in plants and animals and that selection conditions are more stringent in plants. Details of the processing of mammalian introns in plant in vitro systems are however not available, owing to the lack of such systems.
To gain a better insight into the requirements of the plant splicing machinery and the mechanistic differences between plant and animal splicing we constructed several chimeric intronsconsisting partly of plant and partly of animal sequences-and studied their processing in tobacco protoplasts in vivo. Surprisingly, in such constructs an authentic vertebrate 3' splice site was activated indicating that the structural requirements of the 3 (7) covering the 3' part of the intron and 155 bp of exon2 of the leguminJ gene from Pisumti satiuium were ligated into the BamHI/PstI site of Bluescript(-) yielding plasmid BlueChi-1. The chimeric intron and its flanking exons were cut out with BamHI and the 456 bp fragment was cloned into the BamHI site of pDH51, generating plasmid pDH51-Chi-1.
Chimeric intron hMT-RbcS (Chi-3): A 263 bp BamHI-SmaI fragment of hMT gene containing 26 bp of exon 1 and the 5' part of intron 1 and a 321 bp HpaI -Hindlll fragment of RbcS gene containing the 3' part of intron 1 (23 bp), exon2, intron2 and part of exon3 were cloned into the BamelHI/HitidIII site of Bluescript(-) yielding plasmid Blue-Chi-3. A 600 bp fragment spanning part of the hMT exonl, the chimeric intron, RbcS exon2, RbcS intron 2 and part of RbcS exon3 was cut out by digestion with BamHI and Sall and cloned into the BamHI and Sall sites of pDH51, giving rise to plasmid pDH51-Chi-3.
Chimeric intron hMT-elongated RbcS (Chi-3V): Plasmid BlueChi-3 was the starting material for the elongation of the RbcS part of the chimeric intron. The elongation was done by polymerase chain reaction with specific primers. In the first step plasmid Blue-Chi-3 was amplified with primer pairs L5 (5' cagtaatgattcaagtttgttaaccgtttatgttg 3')/K8 (5' aacagctatgaccatg 3') giving rise to a RbcS fragment of 440 bp and L6 (5' Preparation of RNA substrates Plant RNA: Protoplasts were harvested 2-24 hrs after electroporation and RNA was prepared according to the guanidinium-phenol-chloroform method (28) . RNA was further purified by proteinase K digestion in 0,3 M NaCl, 10 mM TrisHCl, pH 7.5, 5 mM EDTA, 0,5 % SDS and 300 ,g/ml proteinase K (45 min, 37°C). Traces of DNA were removed by DNAse I digestion (0,1 M NaOAc, pH 5.3, 5 mM MgSO47H2O, 300 U/ml RNasIN and 250 U/ml DNAse I) for 30 min at 37°C. (29) . Templates used: Blue-hMT/SpeI; Blue-Chi-3/XbaI; Blue-Chi-1/SpeI; Blue-Chi-9/HindIII; BlueChi-9/HincII; Blue-Chi-I0/EcoRI; Blue-Chi-3V/XbaI.
Analysis of RNA RNase protection assay: The assay was carried out essentially as described (29) . 20 
RESULTS

Plant expression vectors containing the chimeric introns
Five chimeric introns consisting partly of plant and partly of animal sequences were cloned into the plant expression vector pDH51 under the control of the CaMV 35S promoter and terminator and in Bluescript KS(-) under the control of T7 or T3 RNA polymerase promoter. The 5' part of the human metallothionein (hMT) intron 1 was combined a) with the 3' part of the pea leguminJ intron giving rise to hMT-Leg construct Chi-1, b) with a fragment spanning 23 bp of the 3' part of intron 1 of pea ribulose 1,5-bisphosphate carboxylase (RbcS) thereby generating hMT-pRbcS (Chi-3) and c) with a fragment spanning 44 bp of the 3' part of intron 1 of pea RbcS thereby generating hMT-pRbcSV (Chi-3V). In the hMT-RbcS constructs Chi-3 and Chi-3V an additional authentic plant intron, the RbcS intron2, was included and was used as an internal positive control. In the RbcS-hMT construct Chi-9 the pea RbcS 5' part of intron 1 was fused to the 3' part of hMT intronl (Fig. 1) . The Leg-hMT construct Chi-10 was created by combining the 5' part of intron of the leguminJ gene to the 3' part of hMT intronl (Fig. 1) .
For control experiments, a part of the pea RbcS gene including introns 1 and 2 was cloned into pDH5 1. The hMT intron 1 and its surrounding exons were cloned into pDH51 and Bluescript KS(-).
Processing of hMT intronl
Most of the vertebrate introns tested so far in plant in vix'o systems were not recognized by the plant splicing machinery (15, 20, 21) . Nevertheless, it was necessary to verify the splicing behaviour of hMT intronl, which donates all the vertebrate sequences in our chimeric introns as it possesses an almost perfect match to the proposed plant consensus sequences at the 3' and 5' border of the intron. RNA of protoplasts transfected by pDH51-hMT was analyzed by an RNase mapping assay. Only one fragment corresponding to pre-mRNA was protected, indicating that neither splice site of the hMT intronl was recognized (data not shown).
Processing of the hMT-pRbcS constructs Chi-3 and Chi-3V In these constructs the chimeric intron consists of 237 nt of hMT sequences at the 5' site and either 23 nucleotides (Chi-3) or 44 nucleotides (Chi-3V) of pea RbcS at the 3' site (Fig. 1) . 44 nucleotides of pea RbcS represent more than half of the original pea intronl and should therefore contain all signals necessary for a functional 3' splice site. In addition to the chimeric intron, there is also an authentic plant intron present, the pea RbcS intron2, which is expected to be spliced. Total RNA from protoplasts transfected with Chi-3 or Chi-3V was hybridized to a full length anti-sense pre-mRNA probe (template: BlueChi-3/XbaI or Blue-Chi-3V/XbaI, 'full length probe') and analyzed by RNase digestion. Only the authentic plant intron was S .,".'EWF .. p Fig. 4 . Analysis of Chi-9 RNA expression in transiently transfected tobacco protoplasts. Protoplasts were electroporated with pDH51-Chi-9 and total RNA was prepared 3h after transfection. Lane 1: hybridization ot polyA+ Chi-9 RNA to full length probe Lane 2: hybridization of RNA from pDH51-RbcS (gene structure see Table 1 ) transfected protoplasts to the Chi-9 full length probe used in lane 1. thereby supplying a correctly processed exonl that can be compared to the exonl band in lane 1. Lanes M: pBr322/Mspl. Abbreviations and drawing symbols as in Fig. 2A . The sequence of the 3' ends of El' and El is given at the bottom of the drawing. El' alternatively spliced exonl. The arrow imiarks the cryptic 5' splice site. excised faithfully giving rise to two bands corresponding to exon3 (E3: 90 nucleotides) and exon 1 -chimeric intron-exon2 (El -chimeric intron-E2: 423 nucleotides in the case of construct Chi-3, see Fig. 2A , lanes 4 and 24, or 444 nucleotides in the case of construct Chi-3V, see Fig. 2B, lane 1) . In contrast to other authors, who prepare RNA 24 hrs after electroporation (15), in our experiments RNA levels were highest 3-4 hrs after electroporation and considerably lower at 24 hrs ( Fig. 2A, lanes  4 and 24) . As this was reproducible with other RNA's (data not shown) we routinely isolated RNA 4 hrs after electroporation.
Processing of the hMT-pLeg construct Chi-1 From the in vivo processing results of the human ,B-globin and soybean leghemoglobin in plants and animals, it was inferred that the selection of the 3' splice site may differ in these systems (15) . It had therefore been expected that the pea 3' splice site in Chi-3 or Chi-3V would be recognized. As no processing of the chimeric intron took place, we generated another chimeric intron (Chi-1, see Fig. 1 ) with the same vertebrate 5' part as in the hMT-RbcS constructs and fused it to a different plant 3' part (65 nt of leguminJ intron).
Total RNA from protoplasts transfected with pDH5 1-Chi-1 was hybridized to a labeled full length anti-sense RNA probe (template: Blue-Chi-1/SpeI) and digested with RNase A (Fig. 3  A, lane 1) . In addition to the pre-mRNA band, two protected fragments appeared, indicating that the chimeric intron had undergone splicing although not in the predicted way: the upper band approximately corresponded in size to leguminJ exon2 (E2:155 nucleotides), but the lower band (El') was definitely not derived from the authentic hMT exonl which consists of only 26 nucleotides (Fig. 3 A, lane 1) . To test if the second band resulted from a cryptic 5' splice site, a 5' anti-sense probe complementary to the hMT part of Chi-1 was used for RNase mapping (Blue-hMT/Spe I). The probe protected a fragment corresponding to pre-mRNA and a fragment of the same size as the lower band in the previous experiment (Fig. 3 A, lane 2) , thereby identifying this fragment (El': 147 nucleotides) as exonl' generated by usage of a cryptic 5' splice site 121 nucleotides downstream of the authentic metallothionein 5' splice site.
To support this hypothesis, a primer extension experiment was carried out (Fig. 3 B, lane RT) . The 5' labeled primer (P7) was complementary to sequences at the 5' end of exon2; to enable an accurate length evaluation the reverse transcription products were compared to a sequence ladder of Chi-1 DNA using the same primer (Fig. 3 B, lanes G,A,T,C) . The bands for premRNA and spliced product (191 nucleotides) were of the expected length and confirmed the RNase mapping results.
Taken together, the chimeric intron is processed, however, in place of the authentic vertebrate 5' splice site, a cryptic 5' splice site 121 nucleotides into the hMT intron 1 is used in context with the authentic plant 3' splice site.
Processing of the RbcS-hMT construct Chi-9 As previous results had suggested a difference in 3' splice site selection, we constructed two different chimeric introns possessing the same 3' hMT part (Chi-9 and Chi-10). The chimeric intron of Chi-9 is composed of a plant 5' part (60 nucleotides of RbcS intron 1) and a vertebrate 3' part (69 nucleotides of hMT intron 1). RNase mapping of total RNA from transfected protoplasts resulted in a series of degradation fragments which prevented splicing analysis (data not shown). Therefore, polyA+ selection was employed to remove these obscuring fragments. RNase mapping of polyA+ RNA with the full length Chi-9 anti-sense probe (template: Blue-Chi-9/HindIII) indeed protected only three fragments: pre-mRNA, the hMT exon2 (E2: 91 nucleotides), and a set of three bands close together and corresponding roughly in size to the authentic RbcS exonl (Fig. 4, lane 1) . As a positive control for the authentic exonl length, RNA from protoplasts transfected with the original RbcS gene was probed with the Chi-9 anti-sense full length probe. The control experiment showed two adjacent protected fragments for exon 1 (El: 163 nucleotides; the appearance of a doublet is due to RNase nibbling, see Fig. 4, lane 2) . This doublet corresponds to bands also present in Fig. 4, lane 1 , which means that at least partially the authentic plant 5' splice site was used. However, the main exonl band (El': 153 nucleotides) in Fig. 4 , lane 1 is not detected in the control experiment and is therefore due to the selection of a cryptic 5' splice site 10 nucleotides upstream from the authentic one. The alternatively processed exon 1 fragment is termed exonl '(E '). Sequences of the 3' ends of exonl and exonl' are given at the bottom of Fig. 4 .
The experiment shows that the upstream cryptic 5' splice site is used preferentially, while the authentic RbcS 5' splice site is recognized only in about 20% of the splicing events. Surprisingly, both sites are used in context with the authentic vertebrate 3' splice site. Processing of the Leg-hMT construct Chi-10 The chimeric intron of Leg-hMT is composed of 74 nucleotides from the pea leguminJ intron at its 5 cannot be correlated to an enhanced homology to the published plant splice site consensus sequenices. In Table 2 all combinations of 5' and 3' splice sites used in our experiments are listed. The intron part of the splice site consensus sequence does not seem to exert any influence on the spliceability of the intron as e.g. the consensus sequences 5'-GTAAT and TGCAG-3' occur both in the leguminJ intron (spliced), the hMT intronI (not spliced), and the authentic Chi-l (not spliced). Therefore, the functional unit consists not only of the splice site consensus sequence but also includes an as yet unidentified portion of adjacent sequences. A prominent feature of plant introns is their unusual high AUcontent in contrast to the AU-content of the surrounding exons (73 % versus 55 % in dicots, 56% versus 44% in monocots). The lowest known AU-content of a naturally occurring dicotyledonous plant intron (Alcoholdehydrogenase of Arabidopsis thaliana) is 60,5%. The influence of AU-rich regions in plant introns has been demonstrated by inserting AU-sequences at various places in a synthetic GC-rich intron thereby restoring its spliceability in dicot plants (14) . However, a very recent paper indicates that AU-rich introns are not essential for splicing in monocots (19) . The spliceability of the introns in our constructs was correlated to their AU-content (Table 2) . Interestingly, no processing of an intron below 59% AU occurred which fits well to the observed natural AU-limit in dicotyledonous plants. In contrast, synthetic introns with an AU-content as low as 41 % could still be processed in dicot plants (14) .
In spite of the correlation between AU-content and spliceability of introns in our approach a simple model based solely on the overall AU-content is not sufficient to define a dicot plant intron. This is illustrated most clearly in Chi-9: A cryptic plant 5' splice site is used preferentially over the authentic plant 5' splice site, although this is accompanied by a slight decrease in the overall AU-content of the removed intron ( Table 2) . As the plant exon 1 and 5' part of the chimeric intron in Chi-9 have a wildtype plant sequence, the activiation of this cryptic site can only be due to the combination with the animal 3' part of the construct. Therefore, the results presented in this paper point to a clear preference in splice site pairing.
Taken together, it seems that the decision whether or not a splicing event takes place is influenced by AU-rich sequences (possibly because secondary structure would be easier to open up in this region or because of the existence of splicing factors requiring AU-rich regions for binding). The exact definition of the intron borders would then be brought about by a close cooperation of the 5' and 3' splice regions, exerting a mutual influence on the selection of splice sites. The nature of this cooperation can be uncovered by defining all the components involved in plant splicing, which will greatly depend on the development of an in vitro plant splicing system.
